We present a review of technological methods developed in recent years for the purpose of gallium nitride nanostructuring, with the main focus on fabrication of thin GaN membranes. In particular, we report on traditional methods of wet etching undercutting for membrane manufacturing, technologies applied for the fabrication of photonic crystal structures based on GaN nanomembranes, double side processing, and surface charge lithography. Prospects of membrane applications in photonic devices, sensors, and microoptoelectromechanical and nanoelectromechanical systems are discussed, taking into account the advantageous piezoelectric, optical, and mechanical properties of GaN and related III-V nitride materials.
Introduction
Gallium nitride is currently considered one of the most important semiconductor materials for practical applications. GaN and related III-nitride compounds are nowadays widely used in the fabrication of short-wavelength light-emitting devices [1] [2] [3] [4] and heterostructure field-effect transistors (HFETs) for high-frequency/high-power applications [4] [5] [6] [7] . More sophisticated devices like blue vertical cavity surface emitting lasers (VCSELs) may find implementation in high-resolution printing and bio-sampling [8, 9] . Recently, III-nitride-based blue vertical cavity surface emitting lasers using defect-free highly reflective AlInN/GaN distributed Bragg reflectors grown on c-plane free-standing GaN substrates have been demonstrated [10] . Lasing was achieved at room temperature under pulsed electrical injection.
Apart from these traditional applications, 2 new fields of applications are under development for the III-nitride group of materials. The first one is related to photonic crystals (PCs), which have been studied and applied to active optoelectronic devices including light emitting diodes (LEDs) and PC lasers [11, 12] . The PC defect lasers employing the photonic bandgap effect could confine the photons in the defect nanocavities with a thin membrane suspended in the air and achieve a high quality factor with a small mode volume [13] . The realization of optical cavities presenting a high quality factor and a small mode volume is of major interest for the observation of cavity quantum electrodynamics effects in solid-state systems and the realization of novel photonic devices such as thresholdless lasers and single photon emitters. Previously, the PC defect lasers were commonly realized in GaAs-or InP-based material systems because the suspended thin membrane structure, which is beneficial to achieve high Q values, can be easily made by using selective wet-etching to remove the underneath sacrificial layer [13, 14] . These integrated photonic circuits have been mostly developed for applications in the telecoms window around 1550 nm. However, there is a great interest in transferring the physics and applications from the infrared to the visible and ultraviolet (UV) ranges. Group-III nitrides are suitable for these purposes. As mentioned above, group-III nitrides are already widely used in optical devices and offer major advantages for the realization of novel photonic devices operating at room temperature, namely wide bandgap, a large exciton binding energy, oscillator strength (which is beneficial for supporting high efficiency light emission and exciton-photon coupling capabilities), and the possibility to achieve strong carrier localization.
Along with the designs in 2D PC cavities, there has been much interest in cavities realized in suspended nanobeams patterned with a 1-dimensional (1D) lattice of holes [15] [16] [17] . High optical quality factors have also been demonstrated in aluminum nitride (AlN) PC nanobeam cavities [15] . Suspended AlN PC nanobeams were fabricated in sputter-deposited AlN-on-insulator substrates using a self-protecting release process. Employing 1D PC cavities coupled to integrated optical circuits, quality factors up to 146,000 have been measured. These results open the door for integrated photonic bandgap structures made from a low loss, wide-transparency, nonlinear optical material system.
Another emergent field of applications for the III-nitride group of materials is related to fabrication and implementation of microelectromechanical (MEMS), microoptoelectromechanical (MOEMS), and nanoelectromechanical (NEMS) systems. In recent years, various microelectromechanical structures based on AlGaN/GaN heterostructures have been explored for novel sensor applications. In particular, AlGaN/GaN-based MEMS confining a 2D electron gas (2DEG) have been realized by means of the developed dry etching technology [18] . The authors claim that, due to the high sensitivity of the 2DEG and the chemical stability of the utilized materials, the proposed free-standing resonator structures are suitable for chemical and biological sensor applications, where the sensitivity of the 2DEG on the surrounding environment acts as an additional sensing signal, for example, for simultaneous measurements of the viscosity and pH value of a nanoliter droplet.
Especially important for the implementation of the III-nitride group of materials in MEMS, MOEMS, and NEMS systems is to make use of their advantageous piezoelectric transduction efficiency, which is unavailable in silicon (Si) and silicon nitride (SiN) [19] [20] [21] . MEMS resonators based on piezoelectric materials provide large electromechanical coupling coefficients and superior design flexibility. In MEMS and NEMS, piezoelectric force can provide strong mechanical excitation besides electrostatic forces. Compared with micromechanical resonators using electrostatic effects, piezoelectric transduction is particularly attractive for ultrahigh frequency applications, such as surface acoustic wave (SAW) devices [22] , thin-film bulk acoustic resonators (FBAR), contour-mode resonators [23] , and lamb wave resonators [24] .
It is important to note that novel applications of GaN-based resonator structures require ultrathin membranes with thickness in the sub-100 nm or even in the sub-10 nm ranges. The realization of reliable ultrathin GaN membranes with designable nanoarchitecture still represents a major technological challenge. A decrease in the resonator structure thickness is needed for an increase in the resonance frequency. In some device structures currently ZnO and AlN FBAR-based filters operating at frequencies below 2 GHz are extensively used. According to Ref. [25] , however, many new applications such as wireless local area networks (WLANs) for high speed computer interconnections and equipment for future communications need higher frequencies. GaN ultrathin membranes can be an excellent solution for increasing the resonance frequency of FBAR filters. Note that the resonant frequency of GaN-based FBAR structures increased from 1.2 GHz to 6.3 GHz with a decrease in the membrane thickness from 2.2 µ m to 500 nm, the quality factor in the latter case exceeding sensitivity is proportional to the square of the resonance frequency [28] .
In this paper, we review technological approaches for GaN nanostructuring, with the main focus on the fabrication of thin membranes, and report on their properties and emerging applications.
Technologies applied for the fabrication of GaN membrane structures
Fabrication of a thin membrane structure in the GaN-based system is relatively difficult. III-nitride-based materials suffer from several processing difficulties inherited from their intrinsic properties. For instance, etching vertical and smooth sidewalls is quite challenging owing to the hardness of GaN. Due to its high chemically stability, GaN nanostructuring is usually based on inductively coupled plasma reactive ion etching (ICP-RIE) through lithographically opened windows. ICP-RIE, however, introduces large amounts of defects, in particular point defects, on the sidewalls of prepared nanostructures, which have a negative impact on e.g. light emitting and photoelectric characteristics. Moreover, the ICP-RIE approach can be applied only for nanopatterning via masks, e.g. for the preparation of nanowalls and 2-dimensional (2D) arrays of nanocolumns through etching of layers via proper lithographic masks. E-beam lithography and dry etching techniques including focusedion beam milling employed to pattern the GaN layer and to fabricate suspended thin membranes are rather expensive, and are not suitable for the fabrication of ultrathin membranes.
Wet etching approaches are considered cost-effective ones. Among the top-down technological approaches, porosification via anodic etching is probably the most cost-effective technique for GaN nanostructuring [29] . It was successfully applied to n-GaN epilayers, and porous layers with different degrees of porosities have been demonstrated. Moreover, morphological metastability of the nanoporous medium allows the fabrication of 200-nm-thick porous monocrystalline GaN membranes [30] .
Another approach for manufacturing nanostructured GaN membranes is based on the so-called surface charge lithography (SCL) [31] , which implies low-dose low-energy ion-beam treatment of the GaN surface followed by closed-circuit photoelectrochemical (PEC) etching in aqueous solution of KOH under UV excitation. Low-dose low-energy ion-beam treatment induces a negative charge on the semiconductor surface, which shields the material against subsequent PEC etching. Note that SCL proved to be an efficient approach for the purpose of manufacturing GaN nanowalls and nanowires [32] .
Fabrication of GaN membranes by wet etching undercutting
In addition to the actively adopted process of laser liftoff (LLO), GaN-related microstructures and nanostructures can be fabricated by both dry and wet etching methods, which have been reviewed by Adesida et al. [33] . The LLO process relies on the controlled decomposition of a sacrificial layer by irradiating the sample with pulsed laser radiation with photon energy lower than the bandgap of GaN, but higher than the bandgap of the sacrificial layer [34] . In such a case, the laser radiation is traveling through GaN layers but strongly absorbed by the sacrificial layer, which leads to its controlled decomposition and separation of the top GaN film from substructure. The LLO process causes inevitable sample damage and leaves Ga-droplets behind [35] .
Wet etching provides low damage etching and low cost. Suspended PC membranes consisting of triangular arrays of holes having diameters in the range of 70-175 nm with a lattice spacing of 200-500 nm have been fabricated in GaN films deposited on Si by isotropic wet etch of Si in an acid mixture consisting of (1:99) HF:HNO 3 [36] . The PC membranes were locally suspended several microns above the etched Si regions but were still anchored to the Si surface, as shown in Figures 1a-1c . The acid mixture attacked the Si through the openings of the PC pattern, leading to undercutting only in the region of the PC. • tilt after revealing the cross section using a FIB instrument. The scale bar represents 1 µ m (see copyright notice at the end of the paper).
Membrane structures containing InGaN/GaN quantum wells were also fabricated by wet etching of sacrificial silicon substrates in HF-based solutions [37] .
Ultrathin AlN/GaN crystalline porous freestanding nanomembranes were fabricated on Si(111) by selective silicon etching [38] . Nanopores with sizes from several to tens of nanometers were produced in nanomembranes of 20-35 nm nominal thickness due to the island growth of AlN on Si(111). These membranes have been self-assembled into various geometries such as tubes, spirals, and curved sheets (Figures 2a-2f ). The driving stress leading to self-assembling was found to originate mainly from the zipping effect among islands during growth. A strain gradient is created in the AlN/GaN layers, where the lower part close to the islands experiences tensile strain and the upper part close to the surface has little or no strain.
Sufficiently high etching rates of GaN can be achieved with PEC wet etching. The etching of n-GaN in the PEC process is produced through surface oxidation and dissolution in aqueous solutions. The photogenerated electron-hole pairs enhance oxidation and reduction reactions taking place in an electrochemical cell. The photogenerated holes convert surface atoms to higher oxidation states. Optical radiation with energy greater than the bandgap is needed to increase the supply of holes at the surface, thereby enhancing the etch rates. Therefore, bandgap selective PEC etching, which employs above-bandgap illumination to generate excess holes in speci?c semiconductor layers, is a versatile technique for the preparation of free-standing GaN structures through undercutting sacrificial layers with various compositions.
A 3-period vertically oriented GaN-based distributed Bragg reflector (DBR) was fabricated using bandgap selective PEC etching of an InGaN sacrificial layer consisting of a 2.5-period 20-nm In 0.04 Ga 0.96 N/20-nm In 0.07 Ga 0.93 N superlattice [39] . The epitaxial structure was etched vertically to a suitable depth using Cl 2 reactive ion etching (RIE), to expose the 3 InGaN sacrificial layers. The air gaps were formed by laterally etching the InGaN sacrificial layers in a 0.004-M HCl solution under illumination from a 1000-W Xe lamp passed through an unintentionally doped GaN film used as a filter to cut the light with energy greater than the bandgap of GaN. The uniformity of lateral etching was found to depend on the uniformity of illumination, carrier transport, and availability of the electrolyte, while the etch rate is determined not only by the rate of photogeneration of carriers in the layers, but also by the efficiency of collection of photogenerated electrons by the cathode. The radial variation in surface roughness was found to be related to issues of transport of electrolyte and etch products through the constrained volumes between the AlGaN layers. The surface roughness was improved by more intense agitation of the electrolyte. Another structure with DBR mirrors based on a GaN microcavity fabricated by incorporating a high optical quality GaN membrane was prepared by PEC etching a sacrificial layer of In 0.1 Ga 0.9 N in a KOH solution [40] . A sacrificial layer with the same composition was used to produce 200-nm-thick optical quality freestanding GaN membranes (Figures 3a and 3b) [41] . The selectivity of the PEC etching process was ensured by the resonant excitation of the sacrificial In 0.1 Ga 0.9 N layer at a wavelength below the GaN bandgap, using a 405 nm laser diode source. Another selective sacrificial-layer-free lateral ECE method (without UV illumination) was proposed by Kim et al. [42] . This method utilizes the same superlattice layer, which is used to improve the epitaxial quality of the overgrown main epi-structure. Holes generated electrically at the sample surface are subsequently trapped in the superlattice layer, which allows selective lateral etching along the superlattice layer. Doping-selective electrochemical and PEC etching is an alternative technology for the fabrication of GaNbased membrane structures. Selective PEC etching of n-GaN against p-GaN is a well-known effect, used for undercutting of p -GaN layers [43] and fabrication of complex microstructures in GaN. This effect is based on different band bending at the n-GaN/electrolyte and p -GaN/electrolyte interfaces. The band bending at the n-GaN/electrolyte interface pushes the photogenerated holes toward the surface, where they promote the chemical dissolution of the semiconductor. The band bending is in the opposite sense in p-GaN, creating a barrier for hole migration to the surface.
GaN-suspended microstructures for micro-electromechanical systems have been fabricated by this effect on p -on-n bilayer specimens. The samples were immersed in 0.1 M KOH and exposed on the p-type layer side to UV radiation from a xenon arc lamp with power 100 mW/cm 2 [44] . Opaque metal masks have been patterned onto the samples prior to the PEC etching, so that the n -type epilayer does not etch in the areas below the masks, while it is etched in nonmasked regions. Therefore, suspended p -GaN membranes are produced that rest against pillars formed in regions under the mask. [45] . Holes are generated via Zener breakdown in this process by applying a high reverse bias voltage (∼60 V) to the highly doped layer. A similar conductivity-based UV-excitationfree electrochemical etching of GaN was demonstrated for layer transfer [46, 47] . It was demonstrated that the etching morphology can be tuned over a wide range by the doping level, allowing design and formation of sophisticated photonic structures with a simple control of doping profile during the growth of GaN [48, 49] . This technique was used in fabricating GaN membranes and microcavities. Particularly, a DBR structure with 4 pairs of GaN/air-gap stacks with very high peak reflectance and a stopband was obtained [50] . Etching was carried out in an electrolyte prepared by adding ethanol/glycerol to equal part of hydrofluoric acid (HF, 49%). The partial substitution of ethanol with glycerol was found to improve membrane smoothness.
Technologies for the fabrication of PC structures (a comparison of PEC and dry etching undercutting)
A widely used approach for fabricating GaN PC structures for highly efficient nanophotonic devices in the short wavelengths, and particularly free-standing membrane structures needed to achieve good optical confinement in low refractive index ( n ∼ 2.6) PC nanocavities, is based on the use of electron-beam lithography to define the PC pattern and RIE to transfer the pattern to a SiO 2 mask layer and to a GaN-based active membrane layer, followed by dry etching or bandgap selective PEC etching technique to create free-standing structures. Usually, RIE with CHF 3 is used to transfer the pattern to a SiO 2 mask layer [51] , and chlorine-based etching is carried out to transfer the pattern to the GaN-based active membrane layer [51, 52] A 100 µ m sized photoresist mesa structure was defined over the formed PC pattern, and RIE was performed to expose the GaN template. Ti/Pt cathodes were deposited around the PC patterns using a metal liftoff technique. An isolation trench was produced to isolate the PC patterns from the cathode. Finally, selective undercut PEC etching was performed by collecting electrons from the sacrificial layer while making excess holes to support anodic etching.
A GaN PC membrane laser was fabricated in a similar technological process with a superlattice structure of 3 periods of In 0.03 Ga 0.97 N (25 nm)/In 0.07 Ga 0.93 N (25 nm) serving as a sacrificial layer in the PEC wet etching in a 0.005 M HCl solution [53] . A 800 W Xe lamp was used to illuminate the sample, and a 2 µm GaN thin-film sample was used as a filter to remove the spectral portion with photon energy higher than the GaN bandgap, while the lower-energy spectral portion was absorbed by the In 0.03 Ga 0.97 N/In 0.07 Ga 0.93 N superlattice to generate electron hole pairs there. L7-type nanocavities based on GaN PC membranes with embedded In 0.2 Ga 0.8 N (3.5 nm)/GaN (7 nm)/In 0.2 Ga 0.8 N (3 nm) QWs were produced by releasing the membrane through dry RIE underetch of the Si (111) substrate instead of PEC etching [52] , while the technology of designing the PC cavity is based on electron-beam lithography and RIE as in the previous case. An airgap of the order of 1 µm was achieved with this technology, which is large enough to minimize interactions with the substrate and related light losses. The possibility of producing large airgaps is an advantage of dry RIE as compared to doping-selective and bandgapselective PEC etching and with different III-nitride sacrificial layers ensuring a limited airgap thickness of only a few hundreds of nanometers [55] [56] [57] . This issue is particularly critical for structures operating in the near infrared. It was pointed out that the use of a SiO 2 hard mask is determinant to ensure a low degradation of the pattern after completion of the technological process.
When the approach with substrate under-etching is applied, Si substrates are preferable over SiC and sapphire, since the cost of SiC is considerably larger and sapphire etching is very challenging. In addition, Si substrates are preferable from the point of view of integration in one platform of electronics based on low cost and well-established Si technology and photonics based on III-V semiconductors.
The above-described technological approach was applied for the preparation of III-nitride-based freestanding fully membraned structures consisting of suspended waveguides and PC cavities with very high Q factors [58, 59] . The authors of this work notice the advantages of the proposed technological approach, the whole structure, including the wire waveguides and PC lattice, being fabricated in a single lithographic step, as well as in single subsequent etchings, which considerably reduces the time needed for the processing and simplifies it as schematically shown in Figures 5a and 5b. The image of GaN wire waveguides is shown in Figure  5c . The produced structures consist of fully suspended wire waveguides supported by tethers combined with so-called W1 PC waveguides consisting of a missing row in a PC lattice, the W1 PC waveguides being coupled to a PC cavity. In this case, an airgap of the order of 3 µ m was achieved through dry fluorine-based RIE of the Si (111) substrate, as illustrated in the top right inset. One of the advantages of the produced PC structure consists of avoiding polarization mixing and reducing propagation losses between TE and TM modes.
To produce suspended membrane PC structures on sapphire substrates, focused-ion beam (FIB) can be applied as demonstrated for the production of high quality factor nonpolar GaN PC H2 nanocavities (the number after H means the circle numbers removed from the central PC lattice) in a 380-nm-thick GaN membrane [60] .
Fabrication of GaN membranes and device structures by means of double-side micromachining processing with UV lithography
Another technology for the fabrication of freestanding GaN membrane-based nanostructures relies on a combination of self-assemble technique and silicon-on-insulator (SOI) technology. Freestanding GaN nanocolumn membranes with bottom subwavelength nanostructures have been fabricated by epitaxial growth on freestanding nanostructured silicon substrate [61] Subwavelength GaN grating on a freestanding GaN membrane can be also produced in a similar doubleside process on a GaN on silicon substrate [62] . The technological process (Figure 6b ) consists of the following steps: defining the nanoscale gratings in polymethyl methacrylate (PMMA) resist using electron beam lithography (steps 1 and 2); transferring the grating patterns to GaN film with a grating height of ∼ 130 nm by ion beam etching (IBE) using an energetic and highly directional ion source to anisotropic etch GaN with high resolution (step 3); removing the residual resist, protecting the processed patterns by thick photoresist, patterning the silicon substrate underneath the grating region from the backside by photolithography, and etching down to buffer layer by D-RIE to produce suspended grating (steps 4 and 5); and thinning the GaN membrane from the backside by RIE, and generating freestanding GaN gratings by removing the residual photoresist (steps 6 and 7). In a further development of this technology [63] , patterned growth of InGaN/GaN quantum wells was performed on freestanding GaN grating by replacing step 7 in Figure 6b by a process of gas source molecular beam epitaxy (MBE) using radio frequency nitrogen plasma. An etitaxial film structure with a designed thickness of approximately 420 nm incorporating an approximately 140-nm low-temperature buffer layer, an approximately 200-nm high-temperature GaN layer, a 6-pair 3-nm InGaN/9-nm GaN QWs layer, and a 10-nm GaN top layer is grown in this MBE process.
A Lamb-wave device based on a GaN membrane designed for high frequency operation was also fabricated by a double-side 4-step fabrication procedure (2 for front side and 2 for backside processing) using conventional contact UV lithography, e-beam metal deposition, metal liftoff, and dry etching techniques [64] . A high resistivity metalorganic chemical vapor deposition (MOCVD) GaN epiwafer on high resistivity Si substrate was used for the device fabrication. Chlorine-based dry etching of GaN down to the Si substrate was performed in the first step, which defined the chip. The interdigital transducers (IDTs) and pads were fabricated in the second step involving e-beam metal deposition and metal liftoff. An indium tin oxynitride (ITON) etch mask was deposited by sputtering in the third step on the back side of the wafer. The membrane was formed in the final fourth step involving a deep (∼ 500 µ m) SF 6 -based selective etching of Si.
By etching a hole from the backside of a Si substrate up to the GaN layer using inductively coupled plasma (ICP) etching with SF 6 /Ar, and obtaining a circular membrane of an AlGaN/GaN high-electron mobility transistor (HEMT), a capacitance pressure sensor was made [65] .
A double side micromachining technique was shown to be suitable for the preparation of FBAR [27] and metal-semiconductor-metal ultraviolet photodetectors [66] [67] [68] The micromachining technique was also applied for the preparation of 1.9-µ m-thick AlGaN/GaN membrane structures patterned on silicon substrate as sensing element of pressure sensors based on a circular high electron mobility transistor (C-HEMT) (Figures 7a and7b) [69] . The front-side processing of the C-HEMT device is combined with bulk silicon micromachining in this technology. The 330-µ m-thick bearing Si substrate was subjected to D-RIE in a time-multiplexed ICP reactor with SF 6 (for etching) and C 4 F 8 (for sidewall passivation) gas mixture with an AlN interfacial etch-stop layer.
Surface charge lithography (SCL)
SCL is a promising technology for manufacturing GaN nanostructures. Apart from the fabrication of GaN nanowalls and nanowires [32] , SCL was demonstrated to be suitable for the preparation of membranes, including ultrathin nanomembranes consisting of a few atomic layers [70] [71] [72] . Both nanoperforated and continuous membranes have been fabricated depending on the energy and dose of the ions. This technology was applied to 3-µ m-thick unintentionally doped wurtzite n-GaN layers grown by low-pressure MOCVD on (0001) Figure 8a illustrates the morphology of a GaN sample subjected to PEC etching after selected surface areas were treated by Ar ions (regions 1). Region 2 was not subjected to ion treatment. Under in situ UV illumination, etching proceeds perpendicularly to the top surface within area 2, which was not subjected to ion treatment, as well as in the horizontal direction under the top regions treated by Ar + ions, thus leading to the formation of narrow membranes in the form of nanosheets supported by whiskers related to threading dislocations (region 1). The membranes prove to be transparent to both electrons and UV radiation. High transparency to UV radiation is quite necessary for the PEC etching to occur under the top membrane. The experiments showed that the top membrane exhibits tiny holes at sufficiently low ion energy and dose, i.e. it proves to be nanoperforated. The nanoperforation provides conditions for electrolyte penetration and thus allows one to fabricate ultrathin GaN membranes with areas reaching several millimeters 2 . However, in spite of nanoperforation it is possible to identify micrometer-sized areas where the ultrathin membrane is continuous. The nanoarchitecture of the membranes in such areas explored by means of atomic force microscopy is illustrated in Figure 8b . The GaN ultrathin membranes resemble the surface of the water in a lake under windy conditions. Nanoperforated membranes with an ordered and controlled design written by a focused gallium ion beam with energy variable in the range of 5 to 30 keV provided by an FEI Nova Nanolab 200 dual beam system were prepared on free standing n -type GaN templates grown by hydride vapor phase epitaxy (HVPE) [73] . A beam current of 1 pA was used to create a bitmap with an exposure dose amounting to 2. 9 × 10 11 cm −2 . The focused ion beam writing provides condition for designing different photonic structures, as illustrated in Figure  8c for a PC splitter. The diameter of the holes in the perforated membrane equals 150 nm, while the thickness of the walls separating 2 neighboring holes is about 100 nm. The thickness of the membrane is estimated to be ∼ 15 nm, which correlates with the projected range of 30-keV Ga + ions in the GaN matrix [74] . One can realize from Figure 8c that such membranes are fairly flexible. This technology was extended to allow for the controlled fabrication of suspended ultrathin GaN membranes of predetermined dimensions with supporting structures [74, 75] . This extension is based on using FIB treatment with 2 fluences (one higher and another lower) as illustrated in Figure 9a . Selected areas of the sample are subjected to low fluence irradiation treatments with 30 keV Ga + ions in a FIB system. Rectangular which is 3 orders of magnitude higher fluence than that used to pretreat the membrane structure. A greater concentration of lattice defects is induced in these areas that prevents the penetration of ultraviolet (UV) photons, and therefore protects the underlying GaN from subsequent PEC etching. Therefore, predetermined vertical structures are fabricated that provide physical support for the ultrathin membranes (Figure 9b ). Thus, FIB processing in combination with PEC etching has been demonstrated to be a powerful tool for the design and maskless fabrication of ultrathin GaN membranes suspended over micro/nanocolumns and micro/nanowalls. Control of the FIB energy provides the possibility of producing membranes of variable thickness.
Other technological methods
Among other methods of micromachining GaN, one can mention an effective technology for shaping GaN on both the nanoscale and microscale that was recently proposed [30] . This technology is suitable for obtaining buried cavities or semiconductor-on-air structures, including a monocrystalline GaN nanomembrane. The method is based on exploiting morphological metastability of nanoporous (NP) GaN medium that can take different shapes due to curvature-driven mass transport depending on growth temperatures. The NP GaN medium is produced by electrochemical etching in 0.3 M oxalic acid of n-type GaN layers on sapphire. The prepared NP GaN samples were loaded into a MOCVD reactor for annealing in a N 2 /NH 3 or H 2 /NH 3 ambient. It was suggested that the shape transformation of NP GaN takes place due to surface and gas phase diffusion driven by the minimization of total surface energy, as well as due to dissociation of GaN and the formation of Ga droplets [30] . A 200-nm-thick nanomembrane was prepared by annealing a GaN layer with a specially designed profile in porosity obtained by using a 2-step EC etching process. The top low-porosity region completely sealed into a nonporous layer during annealing, while the high porosity region beneath transformed into an extended cavity that is continuous across a sample area of 0.5 cm 2 . Monocrystallinity of the GaN nanomembrane was confirmed by transmission electron microscopy (TEM).
This technology was implemented in a liftoff process of GaN layers for vertical LEDs [76] . The liftoff process consists of the following steps: (i) preparation of a porous GaN with a designed porosity profile, (ii) MOCVD overgrowth of GaN device layers and the transformation of NP GaN into a voided region for subsequent liftoff, (iii) wafer bonding after GaN growth, and (iv) room-temperature separation and layer transfer for thinfilm vertical LED devices. This technology was further developed to address the issue of structural stability, which caused severe problems such as cracking and defect formation in the LED active structure [77] . In this developed liftoff method based on the shape deformation of nanopores at high temperature, SiO 2 mechanical supporters are used, which are selectively removed after bonding. The conceptual process flow of the proposed epitaxial liftoff method is illustrated in Figures 10a-10d. A 200-nm-thick SiO 2 layer was deposited on n-GaN by plasma-enhanced chemical vapor deposition, and SiO 2 stripe patterns were then fabricated by conventional photolithography (a). EC etching was carried out in 0.3 M oxalic acid (b). The LED structure consisting of n-GaN (3 µ m), 5 pairs of InGaN/GaN MQWs, and p-type GaN (1 µ m) was grown in a MOCVD reactor with a concomitant transformation of the high porosity layer into a large void, and the low porosity layer sealing through the surface diffusion of atoms during the high temperature regrowth of n-GaN (c). The LED structure was then bonded to a metal (Mo) transfer substrate and the liftoff of the LED structure from the sapphire substrate was performed by removing the SiO 2 mechanical supporter in HF (d). The cross-sectional SEM images of nanopores after EC etching and coalesced voids after regrowth are shown in Figures 10e and 10g . Figure 10f presents a schematic drawing of the depletion region at the interface between the electrolyte and n-GaN.
A new cost-effective and energy efficient technique for exfoliation of threading dislocation-free, singlecrystalline, ultrathin (25 nm) GaN nanomembranes has been recently proposed on the basis UV-assisted electroless chemical etching of n-GaN in HF-based electrolyte (CH 3 OH:H 2 O 2 :HF) without any annealing procedures [78] .
As concerns 2D GaN nanostructures, GaN nanoribbons made of about 2-3 monolayers were prepared inside Na-4 mica (Na 4 [79, 80] . The ion-exchange reaction took place in the Na-4 mica powder kept inside a solution of Ga(NO 3 ) 3 in water for 2 months at room temperature. The treatment of the resulting powder at high temperature (1323 K) under nitrogen flow and NH 3 gas flow led to the formation of GaN with the decomposition of NH 3 in the reactor chamber.
GaN nanobelts were also synthesized on a large scale by chemical vapor deposition in a direct reaction of metallic gallium with flowing ammonia using nickel as a catalyst [81] . GaN nanobelts with width and thickness of approximately 160 and 10 nm, respectively, were grown with this method as shown in Figures 11a-11c . The high resolution transmission electron microscopy (HRTEM) lattice image and the electron diffraction pattern reveal that the GaN nanobelts grew along the [0001] orientation with a hexagonal structure.
A combined MOCVD technique was applied for the growth of GaN nanosheet arrays with nonpolar mplane surfaces, and the overgrowth of InGaN/GaN MQWs on these surfaces for light emitting diodes as shown in Figures 12a-12d [82] . This technique combines the pulsed selective area growth mode for the growth of GaN nanosheets that are confined by 2 parallel {1-100} planes, and the continuous injection of the gas flux for growing MQWs on nonpolar nanosheet surfaces. • angle. The scale bar is 500 nm in all figures (see copyright notice at the end of the paper).
Technological methods applied for the fabrication of AlN-based membranes and device structures
Technological methods similar to those applied for manufacturing GaN nanostructures are suitable for the preparation of AlN structures. Various PC structures have been fabricated on AlN PC membranes by defining the PC design by e-beam lithography and ICP-RIE, and releasing the membrane by either RIE or PEC selective etching of the substrate [83, 84] .
An original method was proposed for the fabrication of AlN-based PC membranes consisting of the following technological steps as illustrated in Figures 13a-13e: (i) realizing a PC pattern in a silicon substrate;
(ii) growing a 15 nm AlN layer by conformal epitaxy using ammonia-based molecular beam epitaxy; (iii) obtaining a free-standing membrane by selective etching of the silicon substrate through the holes of the PC; and (iv) growing GaN quantum dots embedded in a thin AlN layer by the same conformal molecular beam epitaxy [85] . Another original 2-step e-beam lithography and dry-etching technique was developed for the fabrication of suspended AlN PC nanobeam cavities in sputter-deposited AlN-on-insulator substrates, the nanobeam cavities being coupled to integrated optical circuits (Figures 14a-14e) [86] . The photonic patterns are defined during the first electron beam lithography using hydrogen silsesquioxane resist and the subsequent chlorine-based dry etching is timed to ensure a 70-nm-thick remaining AlN slab layer. The second e-beam lithography is then performed using ZEP520A resist to define a release window surrounding the ring resonator. The residual layer of hydrogen silsesquioxane left from the first etch is used as a mask to etch through the remaining AlN slab within the release window, while the 70-nm AlN slab outside the release window is preserved and serves as a natural mask for the wet etch of the oxide in buffered oxide etchant. The wet etching is timed so that the center disk is not fully undercut.
This technique was employed to improve the device yield and avoid the spurious mechanical modes introduced by the suspended coupling waveguides in integrated high frequency aluminum nitride optomechanical resonators [87, 88] .
Properties of GaN membrane structures
The developed technologies ensure preparation of GaN structures with properties advantageous for various photonic applications. PC cavities with quality factor as high as 5200 at wavelength of 420 nm have been realized in L7 nanocavities with InGaN/GaN quantum wells embedded in a GaN membrane, as demonstrated by the linewidth of 570 µ eV of the photoluminescence peak at 2.938 eV in Figure 15a [52] . The dispersion of cavity modes in the L7 nanocavity (blue dash-dotted lines) was calculated by means of the 2D plane wave expansion method, taking into account the effective refractive index (n ef f ) dispersion shown in Figure 15b .
The position of modes determined from the intersection points of cavity mode dispersion (blue dash-dotted lines) with effective refractive index dispersion (red dashed line) can be directly compared with their position on the experimental spectrum shown in Figure 15a . The difference between the calculated and experimental value is a measure of the strain induced during growth on mismatched materials (AlN and Si), favored by the thin membrane thickness, or the etching of the substrate to release the membrane.
Quality factors as high as 1800 were achieved also for a mode at 2.912 eV (425 nm) as deduced from room temperature microphotoluminescence measurements in a L3 cavity produced in a free-standing membrane with GaN quantum dots embedded in a thin AlN layer [85] . The simulation of this cavity using 3-dimensional finite-difference in time domain calculations (3D-FDTD) is shown in Figure 15c . Three resonant modes were calculated for the modified L3 cavity at energies of 2.847 eV, 2.932 eV, and 2.955 eV, their quality factors being 4810, 485, and 1370, respectively, as compared to the experimentally determined 1800, 270, and 270. The quality factor of the fundamental mode is very sensitive to the cavity design and to the air hole, as shown by the inset in Figure 15c .
GaN-based PC membrane L7 nanocavities with Q factors up to 800 have been also realized at the wavelength of 480 nm [51] . However, the authors mention that theoretically,an L7 cavity promises a Q factor of about 4 × 10 4 with a mode volume of about 1.3 × (λ /) 3 for the E1 mode. Therefore, there is considerable room for optimization of the technology and the design to reach such values.
Nonpolar GaN PC H 2 nanocavities with a high quality factor of approximately 4300 at 388 nm were realized at 77 K on a thin membrane structure [60] . The degree of polarization of the emission from this nonpolar GaN PC nanocavity was measured to be 64% along the m crystalline direction, as deduced from data presented in Figures 16a-16c . The 3D finite element method (FEM) was used to calculate the mode pattern at the same resonant wavelength to understand such a high value of the degree of polarization. It was suggested that the high value of the degree of polarization of the nonpolar GaN PC nanocavity is attributed to the specific electric field distribution along the m-axis enhancing the dipole oscillation. PC membrane lasers operating on the basis of lasing defect modes are very promising. A series of optically pumped GaN PC membrane lasers composed of a scalene-triangular arrangement of circular holes were implemented at room temperature [53] . Three defect structures (H1, L3, and H2) were fabricated, and their lasing characteristics were compared with those of perfect PC (PPC). Lasing threshold as low as 0. The output spectra at various pump pulse energies for the PPC, H1, L3, and H2 structures are shown in Figures 17a-17d . The absence of any shift in the position of lasing modes is indicative of no significant heating effect at these pump pulse energies. It was observed that all the defect lasing modes are very close to the resonance wavelengths of the PPC structure. The lasing threshold for different modes can be determined from the plot of the laser output intensities as a function of optical pump pulse energy (Figure 17e ). However, more exactly the threshold value was determined from the dependence of the line-widths on pump pulse energy, since an abrupt drop in the line-width occurs at the threshold pump energies. It was found that the pump thresholds of the 3 lasing modes in the PPC structure are generally higher than those generated in the defect structures. It is known that wide bandgap-based semiconductor microcavities operating in the strong exciton-photon coupling regime are very promising candidates for low threshold lasing at room temperature [89] . Fabrication of DBR is a way to achieve strong coupling regime in a GaN-based system. A high quality GaN microcavity was fabricated by embedding a GaN membrane inside an all-dielectric mirror cavity [40, 41] , and Bragg polariton photoluminescence was observed at room temperature in this structure illustrated in Figures 18a-18c and prepared as described in Section 1.1. A 10-period SiO 2 /Ta 2 O 5 dielectric DBR mirror was used in this structure. Clear excitonic emission coinciding with the PL emission from a bare GaN membrane is observed in this structure in the range of 0
• -68 PC cavities also demonstrate advantageous properties for application in waveguides. Fully suspended wire waveguides and W1-type PC waveguides operating at 1.5 µ m were fabricated on a gallium nitride layer grown on silicon substrate as described in Section 1.2 [58, 59] . The W1-type PC waveguides were coupled with suspended wires and were experimentally investigated using a standard end-fire setup, and the dispersion properties of the propagating modes in the waveguides were calculated theoretically. Several strong lines representing even modes TE0 and TE2 as well as weak TM0 were observed in wire waveguides (Figure 19a ). The mode numbering in Figure 19a refers to lateral mode numbers, since the membrane is single mode along the vertical direction. It was suggested that all the modes are the in-plane modes that are matched strongly with the mode profile coupled from the tapered fiber. The W1 PC guided mode was probed with the help of a grating (Figure 19b ). The cut-off of the propagating mode and the onset of the photonic bandgap were deduced from the analysis of the emission output of the W1 waveguide. Numerical computations of the dispersion curve performed with 2D guided-mode expansion are in good agreement with measured curves.
The subwavelength GaN membrane gratings prepared with a double-side process as described in Section 1.3 can serve as an optical resonator and accommodate surface-normal emission coupling as demonstrated by photoluminescence (PL) spectra and reflectivity measurement [62] .
The developed technologies are suitable for the fabrication of high quality optomechanical resonators that can be efficiently excited by piezoelectric force actuating mechanical motion, while the displacement is transduced by a high-Q optical cavity. Electrically excited mechanical motion at 47.3 MHz, 1.04 GHz, and 3.12 GHz was observed in a monolithic integrated aluminum nitride (AlN) optomechanical wheel resonator corresponding to the 1st, 2nd, and 4th radial-contour mode of the wheel resonator, respectively [21] . Mechanical Q factors of 1370 and 2470 were measured at resonant frequencies of 47.3 MHz and 1.04 GHz, respectively, while the loaded optical Q factor reaches values as high as 125,000 as shown in Figure 20 .
Applications of GaN membranes and structures on their basis
The technologies developed for manufacturing GaN microstructures and nanostructures open wide possibilities for various applications, among which implementations in photonic devices and sensors are most remarkable. Important is also implementation of III-nitride group materials in MEMS, MOEMS, and NEMS systems, especially with respect to ultrahigh frequency applications. Other applications include microfluidics, microoptofluidic devices for biophotonics, antireflection coatings, etc.
Photonic applications
Investigations performed in a first report on fully undercut GaN PC membranes containing an InGaN multiquantum well layer with a H2 PC defect cavity (Figures 21a and 21b ) demonstrated that these structures support a wide photonic bandgap ranging from 450 to 540 nm ( ∆λ = 90 nm) and a number of well confined modes as shown in Figure 21c (5 strong spectral features, at 465, 476, 511, 530, and 534 nm) [54] . The modes responsible for these features were determined from the calculations of the magnetic field component H z as shown in the upper part of Figure 21c . Postfabrication coating of Ta 2 O 5 was used to tune the cavity modes into resonance with the quantum well emission. It was found that the fabricated membranes exhibit resonant modes with Q = 300, and it was suggested that further design and process optimization will substantially improve the Qvalues, and will stimulate the progress on photonic devices for the visible and ultraviolet spectral region. This suggestion was confirmed by further developments demonstrating PC cavities with quality factor as high as 1743 [53] , 1800 [85] , 4300 [60] , 5200 [52] , and 5400 [59] . As mentioned above, theoretical calculations indicated a Qfactor of about 4 × 10 4 for a L7 cavity [51] .
High-QPC membrane nanocavities with GaN-based QW or QD are promising for the realization of low threshold PC lasers and single photon sources at the blue wavelengths [51] . The implementation of a series of optically pumped GaN PC membrane lasers with lasing threshold as low as 0.82 mJ cm −2 and polarization ratio as large as 25.4 was demonstrated at room temperature by Lin et al. [53] . Laser action with a threshold of 180 µ W was observed at room temperature in a GaN microcavity fabricated by incorporating a high optical quality GaN membrane inside an all-dielectric mirror cavity under excitation with a pulsed 0.51 ns frequency quadrupled Nd-Yag laser at 266 nm and 7.58 kHz repetition rate [40] . The onset of laser action was indicated by the nonlinear increase in the PL intensity above the threshold and its blueshift with respect to the low power emission accompanied by a simultaneous reduction in the linewidth as shown in Figure 22 . The authors mentioned that a simple evaluation of peak power densities derived by normalizing average recorded powers by the duty cycle of the laser pulse indicated significant threshold reduction compared with previous reports for bulk GaN systems. This lowering of the threshold was attributed to the high finesse and good optical quality of the GaN microcavity operating in the strong coupling regime. Suspended PC membranes may serve also as the basis for efficient wavelength-scale GaN-based light emitters monolithically integrated with Si-based electronics [36] .
The technologies elaborated for nanostructuring GaN are especially efficient in developing LED structures with improved characteristics. The introduced method of selective lateral electrochemical etching using a superlattice as the etch-sacrificial layer is effective in fabricating vertical LEDs and other GaN-based high performance photonic devices, such as vertical-cavity surface-emitting lasers or resonant-cavity LEDs [42] .
Efficient vertical LEDs have been prepared by a process developed to slice and separate GaN device layers through creating nanoporous (NP) GaN of designed porosity by means of electrochemical anodization [76] . A 4-µm-thick LED thin film was separated by this method and transferred onto a p-type silicon substrate. Upon deposition of contacts, an LED structure in vertical configuration, with n-type GaN exposed and p-type GaN bonded to the Si as the p-type contact was obtained. The image of diced 1 × 1 mm 2 InGaN LED thin films bonded to p-Si wafer is shown in Figure 23a together with room temperature electroluminescence (EL) spectra and the optical image of the LED transferred onto Si substrate (Figure 23b ). Vertical LED structures with improved optical power emission and low series resistance have been also fabricated by a similar method based on thermal deformation of nanoporous GaN and removable mechanical supporter [77] . The V-LED structures demonstrated ∼5 times lower series resistance than the L-LED due to its vertical current flow geometry and improved p-ohmic contact resistance, therefore suppressing the current crowding effect and reducing heat generation in the LED chip. V-LEDs showed huge improvement of light output power over L-LEDs due to the high extraction efficiency of V-LEDs caused by hybrid micro/nano patterns.
The emission efficiency of devices is significantly improved by preparation of membrane-based GaN/airgap DBR by means of technologies described in Section 1 [50] . Strong exciton-Bragg mode coupling in such kinds of structures embedding GaN membranes inside an all-dielectric mirror cavity opens large opportunities for exploration of polariton nonlinearities such as lasing, parametric amplification, and oscillation at room temperature [41] . A subwavelength GaN membrane produced by a double-side process can serve as an optical resonator and accommodate surface-normal emission coupling that opens a promising way for embedding GaNbased photon emitters into subwavelength gratings for the production of surface emitting devices [62] .
The integration in waveguides is another application of GaN nanostructures. For instance, GaN selfsupported photonic structures consisting of freestanding waveguides coupled to PC waveguides and cavities operating in the near-infrared have been demonstrated [58, 59] that are compatible with standard Si technology allowing combination of wide-bandgap III-nitride semiconductors with silicon for integrated photonics. The developed technology is a way to low cost photonic devices for optical communications, since it integrates both active and passive photonic components on the same wafer. The propagation of infrared light through such kind of waveguides is illustrated in Figure 24 . Figure 24 . Propagation of infrared light in a W1 waveguide for a wavelength above the light cone. Large scattering is observed at the location where the suspended wire and the W1 waveguide are coupled together and at the tethers location. Inset: SEM image of the corresponding structure (top view) (see copyright notice at the end of the paper).
The technologies developed for manufacturing nanostructures based on III-V nitrides open enormous prospects for optomechanical devices coupling optical, electrical, and mechanical degrees of freedom in cavity optomechanics. The strong piezoelectricity of III-V nitrides enables remote actuation of mechanical resonators without electrical contacts, so that the optical performance of a device is not compromised. The false color scanning electron micrograph in Figure 25a presents a fabricated piezo-acousto-photonic crystal nanocavity fabricated from AlN with green, red, and blue, respectively, showing the coupling waveguide, the piezo-acoustophotonic crystal nanocavity, and the clamping structures, which are designed to release the stress of the long beam and prevent its buckling [88] . Typical optical transmission spectrum of such a device is shown in Figure  25b . Such kinds of piezo-acousto-photonic crystal nanocavities can find wide applications in coherent signal processing, optoacoustic oscillators, mechanical sensors, etc. Another suspended AlN ring optomechanical resonator in which the mechanical motion is actuated by piezoelectric force and the displacement is transduced by a high-Q optical cavity is shown in Figure 26a [21, 87] .
The ring resonator (Figure 26b) is made adjacent to a straight coupling waveguide and is supported by four 0.5-µ m-wide spokes anchored by a central disk sitting on underlying oxide. Light is coupled in and out of the chip using grating couplers. The coupling waveguide (denoted in red) adjacent to the ring resonator (denoted in green) is physically fixed to the slab layer, thus providing stable optical coupling. Electrically excited mechanical motion was observed at 47.3 MHz and 1.04 GHz, corresponding to the 1st and the 2nd radial-contour mode of the wheel resonator, respectively. Theoretical resonance frequencies of the radial-contour modes of the ring resonator with inner radius of 32.6 as a function of the outer radius of the ring are shown in Figure 26c . For an outer radius of 37.6 µ m, the theory predicts a 1st order (I) radial-contour mode at 44.9 MHz and a 2nd order (II) radial-contour mode at 1.05 GHz close to the measured frequencies.
It was suggested that these AlN piezoelectric optomechanical resonators can be employed to build low switching voltage optical modulators, low-phase-noise optoacoustic oscillators, and optomechanical coolers and amplifiers by using electrical feedback [21] .
Sensors based on GaN membranes
Preparation of various sensors such as capacitance pressure sensors, temperature sensors, gas sensors, UV detectors, Lamb-wave sensors, and other SAW sensor devices is another wide field of applications of technologies developed for the preparation of GaN nanostructures. A capacitance pressure sensor with large changes in capacitance as a result of changes in ambient pressure was developed on an AlGaN/GaN high-electron-mobility transistor-on-Si membrane (Figure 27a ) [65] . The capacitance change of the sensor as a function of pressure presented in Figure 27b demonstrates a linear characteristic response between −0.5 and +1 bar with a sensitivity of 0.86 pF/bar for a 600-µ m radius membrane and a hysteresis of 0.4% in the linear range. The advantage of this sensor as compared to conductance sensors is lower influence of temperature variations upon contact resistance, which makes it promising for both room-temperature and elevated-temperature pressure-sensing applications. The sensors can be integrated with conventional Si technology to provide wireless transmission of pressure data. Muller et al. developed a SAW resonator temperature sensor [90] , and metal semiconductor-metal ultraviolet photodetectors [66] [67] [68] by means of micromachining and nano-lithographic technologies. Two versions of SAW resonator temperature sensors were analyzed (Figures 28a-28c ): a 2-port resonator and a single resonator structure. It was shown that the single resonator SAW structures ensure better performances in terms of sensitivity and losses compared with classical piezo-electric materials where delay lines or 2-port resonators are used. It was suggested that the GaN SAW-based temperature sensor can be used as either a discrete or monolithically integrated device for monitoring the temperature of microwave power circuits like GaN-based radar transceivers, using wired or wireless data transmission. The investigation of front-and backside-illuminated GaN/Si-based metal semiconductor-metal ultraviolet photodetectors ( Figure 29 ) revealed that the structure with 100-nm-wide fingers/interdigit spacing demonstrate a high responsivity of 1.45 A/W for front side illumination and for a wavelength of 365 nm and 2.5 V bias, which is much higher than those reported for UV photodetectors manufactured on sapphire substrate and having fingers and interdigit spacing 0.5-µ m wide, demonstrating the advantage of using nanolithographic techniques for these devices. Backside-illumination responsivities were approximately 4-6 times lower than the front side illumination values, but high enough (hundreds of mA/W) to make the structures very promising for applications that need backside illumination (e.g., 2D UV CCD imaging systems). Among acoustic wave sensors, Lamb-wave devices are characterized by high sensitivity to surface perturbations, since the acoustic energy is confined in a thin piezoelectric membrane. With technologies developed for preparation of thin membranes, III-V nitrides are advantageous materials for such applications due to their piezoelectric properties. Thin membranes are necessary to achieve a high operating frequency f 0 , since sensitivity increases with f 0 . A Lamb-wave device designed for high frequency operation based on a GaN membrane is illustrated in Figure 30 [64] . A 178.82-MHz operating frequency was measured for this device. The chemical and biological sensitivity of the sensor was assessed with glycerol and protein IgG, respectively, therefore demonstrating the capability of the device to operate as a chemical and biological sensor. The measured amplitude and phase change at equilibrium as a function of (ρη) 1/2 of the glycerol solutions, where ρ and η are the density and viscosity of the solution, respectively, are also presented in Figure 30 . A nearly linear change in amplitude with respect to (ρη) 1/2 is observed. 
Other applications
Among other applications of nanostructured GaN fabricated by using the developed technologies one should mention microfluidic applications, antireflective (AR) coatings, production of flexible GaN-based optoelectronics, hybrid microelectromechanical systems, and new microwave applications like the manufacturing of FBAR for RF devices in cellular phones, navigation, satellite communication, and other forms of communication like WLAN. A GaN membrane supported FBAR structure with a pronounced resonance around 1.2 GHz is shown in Figures 31a and 31b [27] . This resonator structure can be used as a building block for the fabrication of very high-Q filters for use in mobile communication systems. The major advantage of GaN FBAR structures is the possibility of their integration with active components (HEMTs), sensors, and other passive components manufactured on the same chip.
A GaN microfluidic channel produced by controlled and rapid undercutting of p -GaN epilayers with an extension of photo electrochemical etching is shown in Figures 32a-32c [44] . The microchannel consists of a 1-mm-thick p -GaN membrane that spans between 2 long anchoring strips on either side.
The application of freestanding GaN nanocolumn membranes with bottom subwavelength nanostructures produced with double-side processing on a GaN-on silicon substrate combining self-assemble technique, dry etching, silicon processing, and MBE growth as described in Section 1.3 ( Figure 6 ) as antireflective coatings is illustrated in Figures 33a-33c [61] . Figure 33d shows the measured reflectivity of the GaN nanocolumn slab grown on the flat silicon substrate. The refractive index changes immediately at the GaN/flat silicon interface, leading to the reflection of light. As a result, interference fringes are clearly observed in the reflectance spectra, which come from the multiple reflections at the different medium interferences. Figure 33e illustrates the measured reflectivity of the GaN nanocolumn slab where the silicon substrate is subwavelength nanostructured. In this case, subwavelength nanostructures provide a graded refractive index step at the GaN/nanostructured silicon interface. As a result, the reflection is reduced over a broad wavelength range (the reflectivity is below ∼2% over the wavelength range of 500-750 nm) and the interference characteristics are also suppressed.
Therefore, subwavelength silicon nanostructures can act as AR coating in the visible range due to the graded refractive index effect, and the GaN nanocolumns can effectively decrease the reflection losses over a broad wavelength range. 
Conclusions
In spite of the fact that fabrication of thin membrane structures based on GaN is relatively difficult due to its high chemically stability, a series of effective technological methods have been developed for addressing this issue. The most accessible and cost effective technologies are based on LLO processes and wet etch undercutting, both of which rely on the controlled decomposition of sacrificial layers. However, the LLO process causes inevitable sample damage and leaves Ga droplets behind. Wet etching is performed basically by 2 approaches: bandgapselective PEC etching and doping-selective electrochemical or PEC etching. These technologies are cost-effective when the sacrificial silicon substrates are undercut. Si substrates are preferable over SiC and sapphire since the cost of SiC is considerably larger and sapphire etching is very challenging. Si substrates are also preferable from the point of view of integrating well-established Si technology and photonics based on III-V semiconductors in one platform. However, the cost of these methods increases when various superlattices are used as sacrificial layers, since the technologies used for their preparation (usually MBE methods) are rather expensive.
Another disadvantage of these methods is the limited thickness of the airgap under the GaN membranes achieved by them (usually of only a few hundreds of nanometers). This issue is particularly critical for structures operating in the near infrared. Larger air-gaps can be produced with dry RIE. Dry etching such as ICP-RIE or focused-ion beam milling is also widely applied for the preparation of more complex membrane structures, i.e. PC membranes. Dry RIE is combined with e-beam lithography for these purposes. ICP-RIE, however, introduces large amounts of defects on the sidewalls of prepared nanostructures, which have a negative impact on characteristics of the device structures. Apart from that, these technologies are rather expensive, and are not suitable for the fabrication of ultrathin membranes. Double-side processing including patterning from the backside by photolithography and etching the substrate by D-RIE is another widely applied micromachining technique for the fabrication of structures that do not need very high resolution, i.e. MEMS or MOEMS structures. This technique is suitable for both Si and silicon-on-insulator (SOI) substrates.
SCL implying low-dose low-energy ion-beam-treatment of the GaN surface followed by PEC etching shows great promise for GaN nanostructuring. The efficiency of this technology was demonstrated in preparing nanoperforated membranes with an ordered and controlled design written by a focused gallium ion beam, the thickness of the membrane being estimated at ∼15 nm. The thickness of the membrane is controlled by the projected range of ions in the GaN matrix, i.e. by their energy. This technology was extended to allow the fabrication of ultrathin GaN membranes suspended on supporting structures with controlled spatial configuration. The extension is based on using 2 ion beams with different fluences. The low fluence beam configures the membrane, while the high fluence one is used for the configuration of support structures.
Another cost-effective and energy efficient technology that seems to be of great promise for fabricating buried cavities or semiconductor-on-air structures is based on exploiting the morphological metastability of nanoporous GaN medium, which can take different shapes upon thermal treatment. This technology can be implemented in liftoff processes of GaN layers for the fabrication of various electronic devices. However, it needs further elaboration to assure a high quality of the produced membranes.
Ultrathin GaN nanobelts and nanoribbons consisting of a few atomic monolayers can be obtained by chemical vapor deposition, ion-exchange techniques inside mica nanochannels, or other methods. However, the growth in these cases is less controlled, and is limited to the preparation of small samples.
The developed technologies can be widely applied in the fabrication of photonic devices and sensors, hybrid MEMS, new microwave applications, microfluidics, micro-optofluidic devices for biophotonics, antireflection coatings, etc. The photonic applications include light emitting devices, low threshold lasers, waveguides, piezo-acousto-photonic-crystal resonators, etc.
The preparation of PC structures on GaN and related materials is especially important for transferring the physics and applications from the infrared to the visible and ultraviolet ranges, PC for the infrared region being well developed in GaAs-or InP-based material systems. On the other hand, extension to optomechanical applications is possible due to strong piezoelectricity of III-V nitrides as compared to that inherent to GaAs or InP. The technologies developed for manufacturing nanostructures based on III-V nitrides open enormous prospects for the realization of optomechanical devices coupling optical, electrical, and mechanical degrees of freedom in cavity optomechanics.
Fabrication of various sensors such as capacitance pressure sensors, temperature sensors, gas sensors, UV detectors, Lamb-wave sensors, and other SAW sensor devices is another wide field of applications of technologies developed for the preparation of GaN nanostructures.
In spite of the achieved progress in GaN nanostructuring, there is still enough room for further development, particularly in improvement of technologies for the controlled and reliable fabrication of high quality sub-10-nm-range membranes with designable nanoarchitecture, which are strongly needed for the increase of device resonance frequency. 
